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Inadequate nutrient intake can inﬂuence the genome. Since methionine is an essential amino acid that
may inﬂuence DNA integrity due to its role in the one-carbon metabolism pathway, we were interested
in whether methionine imbalance can lead to genotoxic events. Adult female Swiss mice were fed a con-
trol (0.3% DL-methionine), methionine-supplemented (2.0% DL-methionine) or methionine-deﬁcient (0%
DL-methionine) diet over a 10-week period. Chromosomal damage was assessed in peripheral blood using
a micronucleus test, and DNA damage was assessed in the liver, heart and peripheral blood tissues using a
comet assay. The mRNA expression of the mismatch repair genes Mlh1 and Msh2 was analyzed in the
liver. The frequency of micronucleus in peripheral blood was increased by 122% in the methionine-sup-
plemented group (p < 0.05). The methionine-supplemented diet did not induce DNA damage in the heart
and liver tissues, but it increased DNA damage in the peripheral blood. The methionine-deﬁcient diet
reduced basal DNA damage in liver tissue. This reduction was correlated with decreased mRNA
expression of Msh2. Our results demonstrate that methionine has a tissue-speciﬁc effect because
methionine-supplemented diet induced both chromosomal and DNA damage in peripheral blood while
the methionine-deﬁcient diet reduced basal DNA damage in the liver.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Several food components can modulate DNA methylation in
mammals, including methionine, choline, folic acid, and vitamins
B6 and B12. Methionine is also a key component in protein synthe-
sis and is necessary for normal growth and development (Finkel-
stein et al., 1988). Methionine is an essential amino acid that can
only be obtained from the diet and is considered the major donor
of methyl groups for the methylation of cytosine (Waterland,
2006). As part of the one-carbon metabolism cycle, methionine is
converted to S-adenosylhomocysteine by an ATP-dependent pro-
cess that transfers the adenosine to the methionine by adenosyl-
transferase (Cantoni, 1975). Thus, excessive or low methionine
intake can induce alterations in DNA methylation (Niculescu and
Zeisel, 2002), and emerging evidence suggests that alteration toDNA methylation may promote genomic instability (Arai and
Kanai, 2010; Calvisi et al., 2007; Kanai, 2010; Sawan et al., 2008).
Methionine intake can be increased with the use of dietary sup-
plements. Gahche et al. (2010) reported that more than half of the
adult population of the United States consumes dietary supple-
ments. Methionine intake can also be increased through diet.
Chambers et al. (1999) demonstrated an increase in the plasmatic
concentration of homocysteine, a methionine metabolite that plays
a pivotal role in one-carbon metabolism, as a result of high methi-
onine intake from eating a meal high in animal protein. In addition,
a methionine supplementation study reported increases in iron
and lipid peroxide levels in rat livers (Mori and Hirayama, 2000).
Conversely, it has been suggested that methionine restriction simu-
lates protein restriction, which is associated with lowered oxidative
stress and increased life span (Sun et al., 2009). Thus, the low-
methionine content of vegan diets has been proposed as a strategy
for increased life expectancy in humans (McCarty et al., 2009).
It is widely accepted that inadequate dietary levels of nutrients
result in genomic instability (Ferguson, 2010). Micronucleus fre-
quency has been extensively used as a biomarker to assess chro-
mosomal damage in organisms exposed to nutrient deﬁciency or
excess (Thomas et al., 2011). Micronucleus formation occurs when
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during anaphase are not incorporated into the nucleus of the
daughter cells after nuclear division (Fenech, 2007). DNA damage
can be evaluated by means of the comet assay (Ostling and Johan-
son, 1984). In this technique, the intensity of DNA damage is mea-
sured by the extent of DNA migration in cells immobilized in
agarose under electrophoresis (Azqueta and Collins, 2013).
Some studies have reported the effects of an imbalanced intake
of folic acid and vitamin B12, which play a critical role in the one-
carbon metabolism cycle, on genomic instability in vitro and in vivo
(Bull et al., 2012; Duthie et al., 2000; Fenech, 2012; Lazalde-Ramos
et al., 2012; Swayne et al., 2012). Uccella et al. (2011) demon-
strated that the use of supplements containing folic acid and vita-
mins B2, B6, and B12 was associated with an increased risk of type
II endometrial cancer in women. Wang and Fenech (2003) reported
that lymphocytes in women showed an increased frequency of
micronuclei when cell cultures were treated with low concentra-
tions of folic acid. In addition, Razzak et al. (2012) demonstrated
that methionine intake was inversely associated with a risk of can-
cer in women. However, there have been no comprehensive stud-
ies performed in female mice on the inﬂuence of methionine
content in the diet on chromosomal instability.
Methyl-deﬁcient diets can induce DNA damage (Pogribny et al.,
1995). It was recently demonstrated that diet can alter the methyl-
ation status of the mutL homolog 1 (Mlh1) DNA repair gene, and
this alteration was accompanied by a signiﬁcant correlation be-
tween the occurrence of DNA strand breaks and DNA methylation
level at promoter Mlh1 (Switzeny et al., 2012). Sidelnikov et al.
(2010) reported as well that expression of MLH1 and the mutS
homolog 2 (MSH2) can be inﬂuenced by dietary factors. It was also
reported that genomic instability can increase when DNA repair
genes are abnormally expressed (Khanna and Jackson, 2001).
The effects of methionine supplementation have been investi-
gated extensively not only in liver and peripheral blood cells, but
also in heart tissue, due to the well-known toxic effect of its metab-
olite, homocysteine, on the heart (Humphrey et al., 2008). To as-
sess the effects of different concentrations of methionine in the
diet on genomic instability, we analyzed chromosomal damage in
peripheral blood and DNA damage in the peripheral blood, liver,
and heart tissues of female mice fed diets supplemented with or
deﬁcient in methionine for 10 weeks. We also investigated the
mRNA expression of two mismatch repair genes, Mlh1 and Msh2,
in liver tissue. Our results suggest that methionine has a tissue-
speciﬁc effect. Compared to the control diet, the methionine-sup-
plemented diet induced genomic instability in peripheral blood,
while the methionine-deﬁcient diet reduced basal DNA damage
in the liver.2. Materials and methods
2.1. Chemical agents and reagents
Acridine orange (CAS 10127-02-3), Trypan blue (CAS 72-57-1), ethylenedi-
aminetetraacetic acid (EDTA, CAS 60-00-4), Triton X-100 (CAS 9002-93-1), and Tris
(CAS 77-86-1) were purchased from Sigma–Aldrich (St. Louis, MO, USA). Low melt-
ing agarose (CAS 9012-36-6), normal melting agarose (CAS 9012-36-6), TRIzol and
Platinum SYBR Green qPCR SuperMix-UDG w/ROX were purchased from Invitro-
gen (Carlsbad, CA, USA). Dimethyl sulfoxide (CAS 67-68-5) was purchased from
Merck Chemicals (Rio de Janeiro, Brazil). GelRed™ nucleic acid gel stain 10,000
was purchased from Biotium (Hayward, CA, USA).
All other reagents were of analytical grade and the purest quality available. All
experiments were carried out in minimal indirect light.
2.2. Animals
Healthy female Swiss albino mice (Mus musculus), 4 weeks old and weighing
approximately 15 g, were obtained from the ‘‘Prefeitura do Campus de Ribeirão Pre-
to’’ Center at the University of São Paulo, Brazil. The animals were housed in poly-
propylene cages (six per cage), and the environmental controls were set to maintainconditions of 19–23 C and 40–70% relative humidity, with a 12-h light–dark cycle.
The mice were allocated randomly to each experimental group, and food and fresh
water were given ad libitum. The diets were provided by Rhoster Industria e Com-
ercio LTDA (São Paulo, Brazil) and were formulated in accordance with AIN-93 rec-
ommendations (Reeves et al., 1993). The methionine-supplemented diet was
produced by increasing the DL-methionine content of the AIN-93 diet to 2%. The
methionine-deﬁcient diet was made by excluding DL-methionine from the mix of
amino acids. All other components of the AIN-93 diet were increased proportionally
to reach the same caloric content. The 2% test supplementation concentration of
methionine was selected based on studies that reported inducing hyperhomocy-
steinemia in rodents with this dietary concentration of methionine (Jiang et al.,
2007; Park et al., 2008). The experimental protocols for this study were approved
by the local Ethics Committee for Animal Use (CEUA) of the University of São Paulo,
Ribeirão Preto, Brazil (register number 10.1.270.53.0).2.3. Experimental design
The animals were divided into three groups of six for each treatment: the
control group received a diet containing 0.3% DL-methionine; the methionine-
supplemented group received a diet containing 2% DL-methionine; and the
methionine-deﬁcient group received a diet lacking methionine (0% DL-methionine).
The mice were fed the speciﬁed diets for 10 weeks, and their body weights were
recorded weekly. At the end of the tenth week, the mice were euthanized. They
were given access to their food until just before euthanasia. A micronucleus test
in peripheral blood and a comet assay with the liver and heart tissues and periph-
eral blood were performed immediately. Liver tissues (50 mg) were immediately
frozen and stored in liquid nitrogen for mRNA expression analysis.2.4. Micronucleus test of peripheral blood cells
The micronucleus test of the peripheral blood cells was performed according to
the protocol described by Hayashi et al. (2000). Blood smears were prepared with
5 lL of peripheral blood. The coded slides were ﬁxed in absolute methanol for
10 min and stained with acridine orange, according to the protocol described by
Celik et al. (2005). One thousand polychromatic erythrocytes (PCEs) were scored
per animal under 1000 magniﬁcation, using a ﬂuorescence microscope (Axiostar
Plus, Carl Zeiss, Gottingen, Germany) equipped with a 488-nm excitation ﬁlter.2.5. Comet assay
The comet assay was performed under pH > 13 alkaline conditions, according to
the method of Singh et al. (1988). The absence of possible cytotoxic effects on DNA
migration was conﬁrmed using the trypan blue dye exclusion method, which mea-
sures the viability of cells (Tice et al., 2000). The liver and heart tissues (0.2 g) were
minced in 1 mL of Hank’s solution. The peripheral blood (10 lL) or cell suspensions
(10 lL) were mixed with 100 lL of 0.5% lowmelting agarose dissolved in phosphate
buffer saline and spread onto microscope slides precoated with 1.5% normal melt-
ing agarose. The slides were immersed in freshly prepared lysis solution consisting
of 2.5 M NaCl, 100 mM EDTA, 10% dimethyl sulfoxide, 1% Triton X-100, and 10 mM
Tris, pH 10, for 60 min at 4 C. Prior to electrophoresis, the slides were immersed in
alkaline buffer (4 C, pH > 13) for 20 min, to allow unwinding of the DNA. Electro-
phoresis was performed for 20 min at 0.78 V/cm (25 V and 300 mA) at 4 C. The
slides were then washed in a neutralization buffer (0.4 M Tris–HCl, pH 7.5) for
15 min. Each slide was randomly coded, stained with a 1:10,000 (v/v) solution of
GelRed™ and water, and immediately analyzed. A total of 100 nucleoids per animal
were randomly examined at 400 magniﬁcation under the ﬂuorescence micro-
scope, equipped with 515–560-nm excitation ﬁlter and a 590-nm barrier ﬁlter.
The software Comet Assay IV™ version 4.3 (Perceptive Instruments, Bury St. Edm-
unds, Suffolk, UK) was used to measure DNA damage, using the Tail Intensity
parameter, which represents the percentage of fragmented DNA in the comet tails.
The data average was expressed as a percentage of the DNA damage.2.6. Isolation of total RNA from liver samples
Total RNA was isolated using TRIzol according to the manufacturer’s instruc-
tions. Brieﬂy, 50 mg of frozen liver tissue was powdered with liquid nitrogen,
homogenized in 1 mL TRIzol, and incubated for 10 min at room temperature
(RT) to allow complete dissociation of the nucleoprotein complexes. After the addi-
tion of 200 lL of pure chloroform, the mixture was vigorously shaken for 15 s and
allowed to stand for 5 min at RT. After 15 min of centrifugation at 16,000 g and 4 C,
the upper phase was mixed with 1.5 volumes of 100% ethanol. The puriﬁcation of
extracted total RNA was performed with an SV Total RNA Isolation System (Pro-
mega, Madison, WI, USA) according to the manufacturer’s instructions, including
a treatment with DNase. RNA was eluted in a ﬁnal volume of 100 lL RNase free
water for qualitative and quantitative analyses, using a NanoDrop 8000 spectropho-
tometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
458 A.F. Aissa et al. / Food and Chemical Toxicology 62 (2013) 456–4622.7. Quantitative reverse transcription-PCR
Complementary single-stranded DNA (cDNA) was synthesized from 2 lg of to-
tal RNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s protocol. Five animals were
used per group. Quantitative real-time PCR ampliﬁcations were performed in trip-
licate using the StepOnePlus™ Real-Time PCR System (Applied Biosystems) with
the following primers: Mlh1 (NM_026810.2) Fwd 50-AAGAGATTAGTGAGCGGTG-
30 , Rev 50 TGGTAGTGTTGAGGAGGTA-30 (129 bp amplicon) and Msh2
(NM_008628.2) Fwd 50-AAGAACAAAGGCGAGTATGA-30 , Rev 50-AACAATGGCGTC-
TAAGTGA-30 (126 bp amplicon). The Mlh1 and Msh2 primers were located in a re-
gion that contains an intron sequence. Primers for b-actin were based on a
previous study (Garibaldi et al., 2012). BLAST (blast.ncbi.nlm.nih.gov) was used for
in silico speciﬁcity analysis. The reactions were carried out in a 96-well plate in a
20-lL ﬁnal reaction volume containing Platinum SYBR Green qPCR SuperMix-
UDG w/ROX, 0.5 lmol each of the forward and reverse primers, and a cDNA tem-
plate corresponding to 100 ng of total RNA. The PCR conditions were 50 C for
2 min, 95 C for 2 min, followed by 40 cycles of 95 C for 15 s and 60 C for 60 s, end-
ing with melting curve analysis that validated the speciﬁcity of each primer. RT-
qPCR efﬁciencies were calculated from the slopes of standard curves that were
made using serial dilutions of the cDNA sample. The RT-qPCR efﬁciency of each pair
of primers was 92%, 93%, and 95% for b-actin, MLH1, and MSH2, respectively. The
expression of the target mRNAs was normalized to the b-actin endogenous control
gene, and the results were shown as relative mRNA expression calculated using the
2DDCt method (Schmittgen and Livak, 2008). The qRT-PCR was always performed
with a blank no-template sample to conﬁrm the absence of any contamination. Five
animals per group were used for the RT-qPCR analysis.2.8. Data analysis
Values were expressed as the mean ± standard deviation. After assessing the
normality of the variable distributions using the Kolmogorov–Smirnov test, data
from each experimental group were compared to the control group using a one-
way analysis of variance (ANOVA), followed by Dunnett’s test, with the GraphPad
Prism 5.0 software program. Statistical signiﬁcance was accepted at the p < 0.05
level.3. Results
3.1. Body weight evaluation during the dietary intervention
To evaluate whether the diets could affect animal growth, body
weight gain of the mice was recorded weekly (Fig. 1). At the end of
the ten-week period of dietary intervention, the mean body weight
gain of animals was similar between methionine-supplemented
diet and control diet. In contrast, the body weight gain of the mice
fed the methionine-deﬁcient diet was 67% lower than that of the
control group (p < 0.05).Control MetSup MetDef
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Fig. 1. Body weight gain of female mice treated with a methionine-supplemented
(MetSup) or methionine-deﬁcient (MetDef) diet for 10 weeks. The values are
expressed as the mean ± SD, with n = 6 animals per group. * indicates a signiﬁcant
difference from the control group (p < 0.05), determined using one-way ANOVA
followed by Dunnett’s post hoc test.3.2. Methionine-supplemented diet increased frequency of micronuclei
in peripheral blood cells
We used the micronucleus test, a reliable biomarker of chromo-
some instability that can also be used in diet intervention studies
(Thomas et al., 2011), to measure chromosomal damage induced
by the imbalance of methionine in the diet. The efﬁcacy of the
micronucleus test to quantify chromosomal damage in the periph-
eral blood of rodents has been extensively explored by our re-
search group in evaluating chromosomal damage induced by
dietary compounds (Aissa et al., 2012; Almeida et al., 2013; Serpe-
loni et al., 2013). Methionine-supplemented group showed higher
frequencies of micronuclei in the peripheral blood polychromatic
erythrocytes after 10 weeks of dietary intervention (Fig. 2). The fre-
quency of micronuclei in the methionine-supplemented diet in-
creased by 122% (p < 0.05) compared with the control group.3.3. Comet assay showed tissue-speciﬁc DNA damage
A comet assay was used to assess the possible genotoxicity of
methionine intake imbalance in the peripheral blood and liver
and heart tissues of the animals (Fig. 3). This technique has been
used extensively to measure DNA damage induced by an imbal-
ance of nutrients in the diet (Aissa et al., 2012; Amaral et al.,
2011). Cell viability, determined by the trypan blue exclusion tech-
nique, was satisfactory for all tissues evaluated, reaching values
above 70%, in accordance with recommendations for performing
comet assay analyses (Azqueta and Collins, 2013). Our results
showed that the methionine-supplemented diet induced genotox-
icity in peripheral blood, similar to the results achieved using the
micronucleus test. The methionine-supplemented diet did not in-
duce genotoxicity in the liver or heart tissues of the animals. Inter-
estingly, the animals fed the methionine-deﬁcient diet had 49%
(p < 0.05) lower levels of DNA damage in the liver compared to
the control group.3.4. Down-regulation of Msh2 mRNA mismatch repair gene
TheMsh2mRNA was downregulated in the methionine-supple-
mented and deﬁcient diets (p < 0.05) (Fig. 4). Msh2 mRNA was 47%
and 45% lower in the methionine-supplemented and methionine-Peripheral blood
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Fig. 2. Frequency of micronucleated polychromatic erythrocytes (MNPCEs) in the
peripheral blood of female mice treated with a methionine-supplemented (MetSup)
or methionine-deﬁcient (MetDef) diet for 10 weeks. The values are expressed as the
mean ± SD. One thousand cells were analyzed per animal, with six animals per
group. * indicates a signiﬁcant difference from the control diet group (p < 0.05),
determined using one-way ANOVA followed by Dunnett’s post hoc test.
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Fig. 3. DNA damage evaluated by the comet assay in the tissues of female mice
treated with a methionine-supplemented (MetSup) or methionine-deﬁcient (Met-
Def) diet for 10 weeks. The values are expressed as the mean percentage ± SD. One
hundred comets were analyzed per animal, with six animals per group. * indicates a
signiﬁcant difference from the control diet group (p < 0.05), determined using one-
way ANOVA followed by Dunnett’s post hoc test.
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Fig. 4. Relative mRNA expression of mutL homolog 1 (Mlh1) and mutS homolog 2
(Msh2) mismatch repair genes detected by qRT-PCR in the liver of female mice
treated with a methionine-supplemented (MetSup) or methionine-deﬁcient (Met-
Def) diet for 10 weeks. The values are expressed as the mean percentage ± SD
(n = 5). * indicates a signiﬁcant difference from the control diet group (p < 0.05),
determined using one-way ANOVA followed by Dunnett’s post hoc test.
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mRNA expression was not inﬂuenced by the diets.4. Discussion
Methionine belongs to the group of essential amino acids that
are crucial for the normal growth and development of mammals
(Finkelstein et al., 1988). Although supplementation with methio-
nine did not affect body weight gain in our study, the diet lackingmethionine compromised the weight gain of the animals. Similar
results were observed in mice fed a diet deﬁcient in methionine
for 33 days, which resulted in body weight gain that was 38% lower
than that of the control group (Tang et al., 2010). Another study,
using Fischer-344 rats, showed that after 3 months of a methio-
nine-deﬁcient diet, the animals weighed 45% less than the control
group. In addition, the visceral fat mass was approximately 30%
lower in the rats fed a methionine-deﬁcient diet compared to the
controls (Elshorbagy et al., 2010). In the present study, the animals
fed a methionine-deﬁcient diet showed less weight gain compared
to the control group, and there was no visible sign of the toxicity
that is developed normally by the females during dietary interven-
tion. Pair-feeding studies have established that visceral fat is re-
duced and energy expenditure is increased in rats fed diets
deﬁcient in methionine without compromising animal health,
which could explain the low weight gain (Malloy et al., 2006).
Methionine may inﬂuence the integrity of DNA, due to its role in
the one-carbon metabolism pathway, which is critical for DNA
methylation. However, excessive consumption of methionine is
highly toxic (Harper et al., 1970) and causes damage to various tis-
sues and organs and increases oxidative stress, with adverse effects
similar to those observed in rats fed diets with a high protein con-
tent. Studies on diet modulation have shown that supplementation
with 0.7%, 1.25%, or 1.6% methionine induced vascular damage, re-
nal iron accumulation, and liver dysfunction in rodents (Kumagai
et al., 2002; Mori and Hirayama, 2000; Troen et al., 2003).
Homocysteine, the metabolic product of methionine, could also
be associated with the cause of these effects, although the direct
toxicity of methionine has been discussed in previous studies (Har-
per et al., 1970; Troen et al., 2003). However, among these toxic ef-
fects, homocysteine-induced oxidative stress has been suggested
as the main event (Bouzouf et al., 2005; Fujimoto et al., 2003; To-
borek and Hennig, 1996). Plasma homocysteine concentration has
been positively associated with higher micronucleus frequency in
human peripheral blood lymphocytes (Fenech et al., 1998, 1997).
Oxidative stress induced by methionine supplementation could
also explain the chromosome damage in peripheral blood induced
by this diet.
Our results of the comet assay revealed that a methionine-deﬁ-
cient diet reduced basal DNA damage in the liver. Protein restric-
tion also decreases the generation of reactive oxygen species in
the livers of rats. However, dietary restriction of carbohydrates or
lipids in a previous study did not change these parameters, show-
ing that the protein content of these diets was directly related to
these protective effects (Lopez-Torres and Barja, 2008). Moreover,
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stricted the amount of methionine in animals’ diets might explain
longevity (Lopez-Torres and Barja, 2008; Richie et al., 1994). Miller
et al. (2005) showed that mice fed a methionine-restricted diet
were more resistant to oxidative liver cell injury. These studies
involving the effect of methionine in the liver demonstrated that
restriction of this amino acid might reduce DNA damage, as the
production of reactive oxygen species decreases in the absence of
methionine.
The lower basal DNA damage observed in the liver could also be
associated with the period of dietary intervention. Pogribny et al.
(2009) demonstrated that a methyl-deﬁcient diet increased the
DNA damage in the livers of rats only after 18 weeks of the methyl
deﬁciency, and this effect was not observed after 9 weeks of die-
tary intervention. In that study, the time-dependent DNA damage
was associated with the methylation status of hepatic DNA in-
duced by the methyl-deﬁcient diet, as re-feeding the animals with
a methyl-sufﬁcient diet reverted the hypomethylated DNA status
induced by the 9 weeks, but not after 18 weeks of methyl deﬁ-
ciency (Pogribny et al., 2009).
In the present study, the micronucleus and comet assays con-
ﬁrmed that a methionine-supplemented diet induced both chro-
mosomal and DNA damage in peripheral blood, while a
methionine-deﬁcient diet reduced basal DNA damage in the liver,
showing a tissue-speciﬁc DNA damage effect. In a recent study,
Perrone et al. (2010) demonstrated that methionine restriction in
male rats caused tissue-speciﬁc responses that were multifactorial
and likely involved cross-talk between organ systems. Indeed, reg-
ulation of methionine in the plasma, following by different dietary
intakes, occurs by varying the activity of hepatic enzymes, which
are responsible for homocysteine metabolism (Waterland, 2006).
Moreover, DNA methylation is a tissue-speciﬁc, methionine-
dependent event wherein different amounts of methionine could
culminate in altered methylation patterns in different tissues
(Waterland, 2006). Our previously unreported results with female
mice suggest that, in addition to methylation, chromosomal and
DNA damage is also a tissue-speciﬁc effect of different methionine
concentrations in the diet. These interesting results also corrobo-
rate the importance of analyzing more than one tissue type in
genotoxicity studies.
Maintaining replication and DNA repair is crucial to human
health. Once this homeostatic balance is impaired, genomic insta-
bility events occur, compromising the integrity of the genome,
which may initiate the development of diseases (Thomas et al.,
2011). The comet assay is an efﬁcient method to measure single-
and double-strand breaks (Tice et al., 2000) and is frequently asso-
ciated with analysis of the DNA repair system (Allione et al., 2013;
Collins, 2009; Collins and Azqueta, 2012). Moreover, DNA damage
increases when mismatch repair genes are silenced (Campregher
et al., 2012). A methionine supplemented diet induced both chro-
mosomal and DNA damage in peripheral blood; this effect was
not observed in the liver. In addition, the methionine-deﬁcient diet
reduced the basal DNA damage in the liver. For this reason, we
investigated the mRNA expression of hepatic mismatch repair
genes in liver.
The mRNA expression ofMsh2was downregulated by both diets
in the liver. Our results are consistent with other studies that have
shown no difference in the levels ofMsh2when DNA damage is ab-
sent (Mastrocola and Heinen, 2010). Mlh1 and Msh2 are mismatch
repair genes that are involved in the repair of double-strand
breaks. Shahi et al. (2011) used a comet assay to show that cells
without Msh6, an important constituent of the mismatch repair
complex Msh2–Msh6, accumulate high levels of double-strand
breaks. Our results showed that animals fed a methionine-deﬁcient
diet exhibited less basal DNA damage in the liver, which correlated
with the downregulation of mismatch repair gene Msh2. Theseresults are consistent with the study of Paulitschke et al. (2010),
who reported that increased DNA damage, also evaluated by comet
assay, is accompanied by the upregulation of Msh2. Therefore, our
results suggest that a methionine-deﬁcient diet decreased basal
DNA damage in the liver, and that this effect was not triggered
by the activity of the mismatch repair gene Msh2.
Associating the analysis of chromosome instability, genotoxi-
city, and expression of mRNA of the Mlh1 and Msh2 mismatch re-
pair genes, our study is the ﬁrst to report on the effects of
methionine concentrations in the diet on DNA damage of the
peripheral blood, liver, and heart tissues of mice. The diets induced
DNA damage in a tissue-dependent manner in peripheral blood
and the liver, while no effects were observed in heart tissue. The
one-carbon metabolism of methionine is a complex system by
which methionine is metabolized to synthesize S-adenosylhomo-
cysteine and supply methyl groups to the methylation process.
Further studies investigating the key compounds and genes in
the methionine cycle are needed to clarify the relationship be-
tween different concentrations of methionine in the diet and
DNA damage.
In conclusion, we showed that methionine supplementation in-
duced both chromosomal and DNA damage in the peripheral blood
of mice. In contrast to the peripheral blood results, neither diet
exhibited a genotoxic effect on heart cells, while the methionine-
deﬁcient diet reduced basal DNA damage in the liver, showing a
tissue-speciﬁc DNA damage effect. Moreover, this reduction of
DNA damage correlated with the downregulation of the mismatch
repair gene Msh2 in the liver.
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